The efficiency of photovoltaic panels decreases as the panels' temperature increases, which results in deduction of electricity generation. In order to reduce this effect, different cooling methods were proposed and investigated. This paper reviews the previous work on cooling PV cells and concludes that the cost-effectiveness, design feasibility and minimal energy consumption are the important design consideration for cooling systems. Based on these considerations, this paper reports a passive cooling method that utilizes rainwater as cooling media and a gas expansion device to distribute the rainwater. The gas is thermally expanded from receiving solar radiation as such the amount of water it pushes to flow over the PV cells is proportional with the solar radiation it received. The paper reports a design and simulation of such a system for a domestic house application. In the paper, a relationship of the gas chamber size, solar radiation and gas expansion volume was established for evaluation with respect to the variation of gas temperature and the amount of rainwater used for cooling. A heat transfer model was used to evaluate the performance of the cells by cooling with this passive device. The results show that on a design day, the passive cooling system reduces the temperature of the cells and increases electrical efficiency of the PV panel by 8.3%. The payback period of this system is ,14 years.
INTRODUCTION
The operating temperature is one of the important factors that can affect the efficiency of the PV panels. The effects of temperature on photovoltaic efficiency can attribute to the influences on the current and voltage of the PV panels. This can be easily found on the I-V curve of the panels. It results in a linear reduction in the efficiency of power generation as temperature increases [1] . The efficiency of some types of PV cells is very much dependent on their operating temperature. For crystalline silicon solar cells, the reduction in conversion efficiency is 0.4 -0.5% for every degree of temperature rise [2] . Therefore, reducing the operating temperature of photovoltaic cells is important for the PV panel to work efficiently and protect cells from irreversible damage.
A number of researchers have worked on cooling the PV panels with different approaches. Air circulation is probably the most simple and natural way for this purpose. In order to enhance convection heat transfer, fins were used to extend the heat transfer area. Edenburn [3] developed a device, made up of linear fins on all available heat sink surfaces, used for cooling single cells passively. Araki et al. [4] did a further research on passive cooling technologies and found that good thermal conduction between cells and heat spreading plate was important. Combining PV and solar thermal collectors (PV/T) is another way of cooling PV panels. Tonui and Tripanagnostopoulos [5] reported their experiment on modified PV/T collectors, and results showed the maximum temperature reduction achieves 108C by natural ventilation and 308C by forced ventilation.
As a good cooling media, water has been widely used for PV cooling in various forms. It is very suitable for PV/T systems. Kalogirou [6] studied a water-based PV/T system consisting of four monocrystalline PV panels in the Cyprus and achieved an increase of average annual electrical efficiency from 2.8 to 7.7% with the payback periods of 4.6 years. Tripanagnostopoulos et al. [7] compared electrical efficiency of PV/WATER, PV/AIR and PV/FREE and PV/INSUL under ambient air temperature of 298C. They achieved the maximum increase by 3.2% with PV/ WATER.
Krauter [8] investigated the method of covering PV modules with a flowing water film above. With the additional evaporation heat transfer, it was claimed that they could decrease the cell temperature up to 228C and obtained a net increase from 8 to 9%. Abdolzadeh and Ameri [9] used water spray to cool the PV panels and achieved increasing the efficiency of cells by 3.26 to 12.5%. Kordzadeh [10] studied that a thin continuous film of water running on the front of the surface of modules obtained better electrical efficiency because of reducing reflection loss and surface temperature.
To avoid additional energy consumption incurred for cooling the PV panels, Furushima and Nawata [11] reported a model with cooling water being supplied from a city water supply system by Siphonage and the cooling system did not require any additional energy input on the site. Wilson [12] studied the gravity-fed technology where water was transported from upstream sources like river to downstream sources by gravity. The results obtained from this work showed a 12.8% increase in electrical efficiency as a result of 328C temperature reduction.
Other technologies were also used to enhance the heat transfer for cooling the panels. Akbarzadeh and Wadowski [13] reported an innovative gravity-assisted heat pipe system to optimize the cooling of concentrated photovoltaics. It was found that the temperature at the surface of solar cells did not exceed 468C during a 4-h test, and the efficiency was increased by 50%. Huang et al. [14] initially integrated PCM into BIPV system and used fins for improvement. Biwole et al. [15] established a numerical model and used CFD to simulate heat and mass transfer of PCM at the back of photovoltaic panels. Their results showed that adding PCM at the back of panels can maintain the operating temperature below 408C.
Active cooling is effective to cool PV panels. However, with the additional power consumption involved, the active cooling purely used to lower the operating temperature does not have obvious benefit in the net gain of efficiency. The technologies such as PV/T ( photovoltaic thermal) system or the PV-SAHP ( photovoltaic solar heat pump) system [16, 17] seem to address the issue stated earlier by combination of two systems. But the fact that PV/T has to at a higher operating temperature in order to supply useful heat means the gain by cooling is limited. What is more, the higher initial investment and the final benefit with PV/T technology is contributed to thermal energy rather than electricity [7] . This renders the PV/T being not an effective technology for the original purpose. Therefore, finding a simple and feasible way to cool the PV panel without requiring further energy input is still much sought after. Figure 1 illustrates an example of the proposed solar-driven rainwater cooling system. The system consists of a PV module with an area of 1.46 m 2 , maximum efficiency of 15.4% and maximum power output of 250 W, a gas expansion chamber, a rainwater storage tank and a secondary water tank. A cylindrical gas expansion chamber is installed at the eaves whereas the secondary water tank, which is connected to the gas expansion chamber, is hung at the side of the house. Gutters are installed on both south-and north-facing roofs in order to maximize the rainwater harvesting. On receiving the solar radiation, the gas in the chamber expands with the temperature increase. The rainwater in the tank is pushed upwards by the expanding gas so that it flows over the PV panel through a distribution tube on the top as shown in Figure 2 . The rainwater is not considered being reused to reduce the cost and simplify the system structure in this case.
DESCRIPTION OF THE SYSTEM

ANALYSIS OF THE SYSTEM
The amount of the rainwater delivered to the PV panels is determined by the gas expansion volume. The expansion volume is a function of temperature that varies with the solar energy the gas received. Therefore, there is a relationship between the amount of rainwater delivered and solar incidence. The relationship can be derived from the energy conservation law.
Energy balance equation in the gas expansion chamber
The gas expansion chamber is covered by an insulation layer used to reduce heat loss from the side surfaces and is covered with an absorption layer to enhance the capture of solar radiation. Taking the chamber as a control volume, the energy conversion and heat flows of the chamber are as shown in Figure 3 . The energy balance can be expressed as
where W E is gas expansion work (J). The Q net is the heat that causes the gas temperature rise.
To simplify the simulation, some assumptions are made and stated as follows: Figure 1 . 3-D model of the solar-driven rainwater cooling system installed on the roof. † No heat transfer across the side boundaries. The conduction heat transfer between the absorption layer and the surrounding air is neglected. † Thermal resistances in the absorption layer and gas are not considered so that the absorption layer and gas have the same temperature and the gas temperature in the chamber is uniform. † The gas is treated as ideal gas. † The atmospheric pressure is constant within duration of time. † The gas properties are constant.
Under the assumptions, the energy balance of the gas expansion chamber can be expressed in the following equation:
where I is solar radiation on horizontal surface (W/m 2 ); T gas represents gas temperature (8C); A ab represents area of absorber surface (m 2 ); C gas denotes specific heat capacity of gas (J/kg K); h c denotes convection heat transfer coefficient of wind (W/m 2 K); a is absorption coefficient of PV panel (0.95); 1 is emissivity factor of absorber (0.04); s is Stefan -Boltzmann constant (W/m 2 K 4 ); t represents time (s). This equation describes the accumulating effect of the solar radiation on the gas expansion chamber from a reference point and its derivative form:
It describes the effect of the solar radiation on the gas chamber at any time point. Since the chamber's temperature change is a slow process, we use the finite-difference equation to approximate Equation (2) as follows:
Þ Dt ¼ m gas C gas ðT gas;ðtÞ À T gas;ðtÀ1Þ Þ Dt ð3Þ
where the subscribes (t) and (t 2 1) denote the time step in hour and A W is the base area of the secondary tank (m 2 ) and H is the height of water pumped ( Figure 4 ).
For 1-h time interval, we have the following equation:
Þ 3600 ¼ m gas C gas ðT gas;ðtÞ À T gas;ðtÀ1Þ Þ 3600 ð4Þ 
Hydraulic head of water in the secondary water tank
With reference to Figure 4 , the expression of hydraulic head in the secondary water tank varying with the gas expansion can be derived as follows. At initial state, the secondary water tank is filled with water and the gas in the chamber does not expand. The state of the gas can be expressed as follows:
where T 0 denotes initial temperature of the chamber (8C); P atm indicates atmosphere pressure (Pa). On receiving heat from the solar radiation, the gas in the chamber starts to expand. If the gas volume is expanded by d V (volume expansion) (m 3 ), the same volume of water will be pushed out of the tank. The change of the state follows the following equation:
where m gas represents mass of gas (kg); V gas denotes volume of gas (m (5) and (6), a relationship between the volume of the water pushed and gas temperature can be obtained:
Heat transfer on the PV panel
When the water flows over a tilted PV panel, the heat transfer between the water and panels can be complicated by involving water evaporation in addition to the normal radiation and convection heat transfer. With reference to Figure 5 , the energy balance leads to:
where G denotes energy generated from solar radiation (J), U indicates internal energy (J), and Q e , Q c , and Q r denote heat loss by evaporation (J), heat loss by convection (J) and heat loss by radiation (J), respectively. The heat transfer mechanism is quite complex due to temperature variation along the water-solid interface. A twodimensional steady-state model is used, and some assumptions should be made to simplify the calculation. † Solar radiation irradiates on the PV panel, 15.4% is converted to electricity energy, 5% is reflected and the rest part is converted to heat energy. † Assume the water mass is uniformly distributed over the PV panel and water is ultimately heated to a temperature that is same as the cell temperature T c . † Water temperature increase caused by solar radiation is neglected.
[18] † Convective heat loss at the back of PV panel and radiation heat transfer is not considered.
Air flowing at the air-water interface essentially accelerates water evaporation rate. Thus, the air convection could be measured accompanying with water evaporation. Smith et al. [19] predicted evaporation heat transfer flux by the following equation, which approximately estimates how much latent heat is removed from the PV panel by water evaporation (w/m 2 ). 
where T w,in denotes water inlet temperature (8C). Therefore, total heat transfer via water evaporation can be expressed as follows:
where A cell denotes area of cells (m 2 ). The internal energy change of water can be expressed as follows:
where T w,out denotes water outlet temperature (8C). Thus, after a water film flowing down to a PV panel, the cell temperature can be approximately calculated as follows:
where U w denotes wind speed (m/s).
SIMULATION RESULTS
This system was analysed with the climate data on a clear day of 29th July in Nottingham [20] . The day was chosen for its low wind speed and high air temperature. The study was focused on the thermal performance of the gas chamber and the cooling effect to the PV panels. The analysis was on one PV module system.
Influence of design parameters on the system performance
The size of the gas chamber is a predominant parameter that influences how much water can be pushed out of a tank. To evaluate the influences of chamber surface area and chamber volume on performance, two groups of the gas chambers were analysed. In the first group, the chambers have the same surface area of 2.5 m 2 but with different volumes of 1.5, 1.25, 1 and 0.75 m 3 , respectively. The second group has a fixed volume of 1.25 m 3 but with the different surface areas of 3, 2.5, 2 and 1.5 m 2 , respectively. In this system, water is pushed up through a 0.9-m-high vertical pipe (Figure 4) .
The results show that, for the same chamber volume, the gas temperature in the chamber slightly increases with the surface area. But the increase is within 18C. This could be a result of the heat gain from the larger surface area being offset by the heat losses from the same larger surface area. Figure 6 presents accumulated water volume pushed due to gas expansion. It can be seen that the amount of water pumped increases with the gas chamber volume. It increases from 123 l/day with a 0.75-m 3 chamber to 200 l/day with a 1.5-m 3 gas chamber. The amount pumped increasing with the chamber volume is due to the assumption of uniform air temperature in the chamber. The volume expands more with the air mass increases in the chamber. However, this phenomenon should become less significant when the air temperature profile in the chamber is treated as non-uniform. Without any control, the gas chamber can pump the maximum amount of water to the PV panel at 7 am, and the amount gradually decreases to zero around 1 pm. It was estimated approximately that 165 l/day of rainwater is available for the climate under the consideration. To pump this amount of water, a 1-m 3 gas chamber is needed.
Performance of the PV module cooled by the system
The performance is evaluated from the rainwater pumped by the device with a 0.16-m 3 secondary water tank connecting to the a 1-m 3 gas chamber. The secondary water tank is designed to protect gas infiltration and increase air tightness so that the whole system can work with the higher efficiency. The variation of the gas temperature in the chamber during a day was illustrated in Figure 7 . The initial gas temperature is 293 K, which is quickly heated to 342 K at 7 am, because low heat capacity of gas, small mass of gas in the chamber and intensive solar radiation on the design day cause that gas can be heated to a high temperature. With the increase of solar radiation, the gas temperature gradually increases to a maximum value 387 K at 1 pm. After that, gas temperature reduces due to the reduction of solar radiation and the rise of heat loss from a gas chamber to the outside environment.
Under this condition, the device is able to push 152 l of water to the PV panel ( Figure 8 ). As discussed earlier, without control, the majority amount of the water is pumped at the early time of the day when the demanding for cooling is low. A control to the flow may be needed, for example, by a temperature sensitive valve to delay the water pumping to address this issue. The operating temperature of PV is primarily determined by the solar radiation. On the day of 29th July, between 10 am and 14 pm, solar radiation was .850 W/m 2 and its temperature reached 508C. The detail of the climate data for the day is shown in Table 1 . In order to maximize the cooling benefit to the PV panel, a temperature sensitive valve can be used to adjust the flow rate of water according to the roof temperature. Table 2 shows that a total of 152 l of water can be pushed at different hourly rates with respect to the roof temperature from 10 am to 2 pm on the day. It can be seen that with the temperature sensitive valve, more water is pumped when the roof temperature is higher at late hours, which allows more cooling to the PV penal when it receives high solar radiation.
During the working time, the cooling to the PV panel is very effective when the PV panel temperature is high as shown in Figure 9 . It can be seen that at 1 pm, a maximum temperature reduction of 198C is achieved and at other time temperature reduction ranges from 12.5 to 18.58C. Figures 10 and 11 present the efficiency and the power output of the PV panel with and without cooling, respectively. The cooling maintains the efficiency of the cells above 14.5% each hour in a design day, particularly, between 12 pm and 2 pm during which the PV panel has very low efficiency without cooling. The cooling also increases the power output by 16 W on average. In summary, solar-driven cooling system is able to reduce the operating temperature of the cells by 16.58C on average, and it has a better cooling effect when the temperature of the cells becomes higher. In addition, daily electrical yields of the PV module will grow 80 Wh, achieving an increment of 8.3%. However, variable environmental conditioning has Weather data on 29th July. impacts on gas chamber expansion, so does on water pumping and the cooling effect. Therefore, it is meaningful to evaluate annual performance of the solar-driven water cooling system under a stable environmental condition.
Monthly water consumption by the system
The supply of the rainwater depends on the gas expansion in a chamber, which varies with solar radiation and ambient air temperature. As shown in Figure 12 , in January and December, little water can be pumped by this device; however, in June, intensive solar radiations and high air temperatures make the device to pump 110.8 l of water to PV panel for cooling in each day. According to solar radiation and rainwater supply, the system was designed to work between April and September. For a well-constructed roof, the runoff coefficient is usually assumed as 0.8 [21] . Therefore, monthly rainwater collection can be estimated from the following equation:
Rainwater volume ¼ monthly rainfall Â catchment area Â runoff coefficient It is not efficient and cost-effective to design this solar-driven rainwater cooling device to work every day, especially for the rainy and cloudy days. Thus, equivalent sunny days in each month can be predicted based on an assumption of 10 -12 sun hours in a sunny day in different months. In an ideal scenario, sunny days and rainy days occur intermittently and an operating day ratio (number of sunny days/number of rainy days) is calculated to evaluate the relationship between collected rainwater and required rainwater. Table 3 shows that, except in May, the amount of collected rainwater can meet the requirement of the cooling system in each month. A 1000-l water tank allows it to meet the water consumption up to 10 days under the worst-case scenario like continuous sunny days.
Annual energy saving and payback period
The certain amount of rain water can cool more PV modules if heat is removed by evaporation, under the premise that rainwater uniformly covers the PV modules. Based on available rainwater in each month, it is estimated that this solar-driven rainwater cooling system can increase 33.4 kWh of electrical yields for a domestic house when six PV modules are applied. To comprehensively analyse the benefits of a new system, the economic analysis of the solar-driven water cooling system is conducted by the extra cost of equipment required to construct this cooling system, against additional energy benefits obtained from the modified PV panels. The total cost of this passive cooling system is estimated as £197., i.e. £80 to the cost of the rainwater harvest system and £117 to the cost of the gas expansion chamber, a secondary water tank, pipes and valves. The saving in electrical yields per year equals to £20 when feed-in tariff equals 0.45£/kWh and electricity rate equals 0.145£/kWh [22] . A simple payback formula was used to calculate the payback period as follows with an inflation rate of 2.8% being taken into account:
Payback period ¼ initial cost annual operating saving The annual saving in the equation is calculated from: Annual operating} saving = kWh Â (electricity rate þ feed in tariff ). Assume all the costs of this solar-driven rainwater system are paid up front; the power output of PV discount rate at 1% a year; the electricity inflation rate at 2.8%; the feed-in-tariff inflation rate at 2.5% and annual saving rate at 3%. Based on the assumptions mentioned earlier, the calculation results are shown in Table 4 . It can be seen from Table 4 that under this conservative assumption, the payback period is 14 years. Considering that the cost (including water tanks, gas chambers and other equipment) could be reduced with mass production and the additional rainwater collection can be recycled for domestic use in non-operating period, the economic analysis results make this cooling approach quite attractive.
CONCLUSION
This paper reports a passive cooling system, which can be used for cooling the PV modules on the roof of a domestic house in order to increase electrical efficiency. The simulation results for this cooling system show: † The influences of the absorbing surface area on the water supply volume are not obvious, whereas a gas chamber with larger volume significantly increases the water supply. However, the actual chamber size should be comprehensively considered with roof area and available rainwater capacity. † On the design day, the solar-driven rainwater cooling system is able to pump 152 l of water to PV modules. The maximum reduction in the temperature of the cells reaches 198C and average electrical yield is increased by 8.3%. † For the solar-driven rainwater cooling system operating between April and September, this cooling system can increase the electricity generation by 33.4 kWh annually. † The simple payback period of the solar-driven rainwater cooling system was found to be equal to 14 years under a conservative assumption. It still has potential and the initial cost will be reduced if it incorporates with the guttering system.
The most significant point of this approach is that it utilizes rainwater and solar energy to cool the PV panels-improving PV system efficiency with no requirement for additional energy input. The authors believe that it has the potential for further exploration. 
